The effects of various quenching treatments including direct quenching, up-quenching, step-quenching in boiling water and step-quenching in an oil bath were studied on a Cu-20.8Zn-5.8Al (mass%) shape memory alloy. The aging behaviors of variously quenched specimens have also been investigated. The thermally recoverable martensitic deformation in quenched specimens was determined to be up to 3.2%. The yield stress and transformation temperatures were decreased during aging compared to quenched specimens. In addition, aging resulted in a degradation and ultimate loss of the shape memory capacity. The apparent activation energies of the alloy obtained from loss of shape memory and decrease in the transformation temperatures were ranged from 64 to 74 kJmol· 1 . The life expectancy predictions indicate that devices made from the alloy will lose their shape memory capability after exposure at 373 Κ for time ranged from 52 to 60 days. However, relatively long memory life is expected at temperatures below 323 K.
The unique combination of properties affords the application of Cu-Zn-Al alloys in a wide range of shape memory devices (couplings, actuators, springs). But both the transformation temperature and shape memory behavior of martensitic structure have been found to be changed by the aging treatment /3-9/. Since the formation of precipitation leads to a concomitant degradation of shape memory capacity, the application of appropriate quenching procedure and close control of the post-quench thermal history are essential in the increase of shape memory life in Cu-Zn-Al alloys.
In this work, the effects of various quenching treatments and aging on the transformation temperatures, tensile behavior and shape memory capacity in a Cu-20.8Zn-5.8Al (mass %) alloy were investigated.
Microstructural changes resulting from the aging treatments have also been studied.
EXPERIMENTAL

Production procedure and plan of the experimental procedure
Alloy having a composition (mass %) of Cu-20.8Zn-5.8Al was prepared by melting high purity copper, pre-alloy of Cu-Zn (49.2 mass % Zn) and pre-alloy Cu-Al (47.8 mass % Al) in graphite crucible using a resistance-heated furnace followed by casting into a heated graphite mold. The resulting ingot was subjected to a homogenizing heat treatment at 1103 Κ for 120 min, followed by a room temperature water quenching.
The homogenized ingot was then hot forged and cold rolled resulting in a final thickness of 0.3 mm. In order to investigate different influential factors on mechanical properties, shape memory recovery, the phase transformation temperatures, and aging behavior of the alloy, the experimental procedure drawn schematically in Fig. 1 . being realized.
Quenching treatments
Test specimens cut from the final plate were solution treated for 5 to 20 minutes at temperatures from 1113 to 1163 Κ and quenched in order to determine optimal betatizing parameters (temperature and time). It was observed that the solution treating for 10 minutes at 1143 Κ provide complete solution of α-phase and acceptable grain size. Since the copper-based alloys are usually quenched to retain the ß-phase for further transformation to martensite, all test specimens were divided into four groups for various quenching treatments as shown in Fig. 2. 
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Aging treatment
Aging treatment was conducted for times up to 30 hours. Quenched specimens were immersed into 60 % KNO;, and 40% NaNOi salt bath maintaining a previously chosen constant temperature: 473, 573 and 673 K.
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The examination of quenched and aged specimens
To study the effects of various quenching treatments on properties of the alloy, the following investigation have been performed:
• Determination of the martensitic and forward transformation temperatures by passing constant intensity direct current (1.5 A) through the specimen (130 χ 4 χ 0.3 mm) and measuring the variation of the voltage drop across the specimen with temperature. The apparatus drawn schematically in Fig. 3 . being employed.
• Tensile tests at room temperature using a Raunstein FPZ 100/1 machine.
• Investigation of the thermally recoverable martensitic deformation by conducting the deformation of quenched specimens by strains from the plateau region as well as out from it, followed by examining of martensitic substructure by transmission electron microscope (JEOL 2000 EX) and shape memory researching. The shape recovery behavior have been investigated by observing the quenched specimens previously deformed by strains from the plateau region as well as out from it and heated above the A f temperature.
• Determination of shape memory recovery (SM recovery) by observing thin quenched specimens previously bent for about 90 deg and heated above the A, temperature. The degree of SM recovery is expressed as follows:
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where ψ] is the angle to which the sample returns after prior bending through 90° The following measurements were made as a function of aging time at the various aging temperatures:
• Shape memory recovery capacity by direct observation of thin specimens aged, and then bent for about 90 deg before heating above the A f temperature.
• Yield stress,
• Martensitic transformation temperatures.
Light microscopy. X-ray diffraction and transmission electron microscopy provided the tools for microstructural analysis.
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Structure
Optical microscopic observations of all specimens after various quenching processes reveal the parentphase grain boundaries and the martensite structure, as shown in Fig. 4 . The martensitic plates are oriented in several directions, resulting in many-jagged martensite/martensite impingement boundaries within an alloy grain. SQOB treatments produced the martensitic plates uniformly aligned within a grain (Fig. 4. (d) ). The precipitates along the grain boundary as well as within the interior of grains are found in SQWB specimens, as shown in Fig.4 .c. X-ray diffraction technique was performed to identify the phase formed during quenching. All the quenched specimens exhibited a martensite M18R type (Table 1. ). The precipitates in SQWB specimens 200x were identified to be α-precipitates with f.c.c. structure (a=0.369 nm). The alloy exhibits two ordering processes, i.e. b.c.c. -> B2 and B2 -> DO> prior to the martensitic transformation. It is widely accepted that the former cannot be depressed by rapid quenching while the latter can be partially suppressed. The directly quenched Cu-20.8Zn-5.8AI (mass %) martensite is M18R type, indicating that the B2 -> D0 3 order transition cannot be completely suppressed by rapid cooling.
During various quenching treatments, the slowest cooling process is accomplished for SQWB specimens, which is believed to be a consequence of the rapidly formed vapor layer on the specimen surface insulating it from the surrounding quenching medium.
Martensitic and forward transformation temperatures
The phase transformation temperatures of quenched specimens, determined by measuring the variation of electric resistance with temperature are given in Table 2 . Obtained values indicate that the transformation temperatures are very sensitive to the quenching rate. However, M s , M f , A s and A t temperatures of Cu-Zn-Al shape memory alloys are also affected by solution treatment conditions /10/.
Mechanical properties
Fig. 5. shows the stress-strain curves obtained at room temperature for quenched specimens. The stressstrain curves are at first linear on loading, until, at certain stress level they flatten out as the deformation proceeds. Namely, upon exceeding a certain stress level, certain percent strain was accumulated with little stress increase for DQ, UQ and SQOB specimens (Fig. 5.) . After the plateau region is passed, stress increased rapidly with further deformation. The specimens step-quenched in boiling water have not shown plateau region (Fig. 5. ) because of presence of certain quantity of α-phase in their structures. The deformation in the plateau region that was found in the range 2.7 to 3.2% (Fig. 6. ) is unconventional and can be recovered thermally.
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Vol. 15, Νos. [4] [5] 2004 Heat Treatment: Effect on Martensitic Transformation of Cu-Zn-Al Alloy The mechanical properties of an alloy are given in Table 3 . Comparing the yield stress (R|>u 2 ) of various quenched specimens it is found that smaller Rp 02 values are obtained for direct quenched and up-quenched specimens (R P0 .2(DQ)< (R|> 02 (UQ)), while the greater Rp 02 values posses step-quenched specimens of the alloy (R|>O,2(SQOB)< (Rp 0 2 (SQWB)). The tensile strength of quenched specimens was found to be from 343 to 520 MPa depending on quenching history. The fracture elongation of SQWB specimens was in the range 6.8 to 7.4%, while the elongation of other specimens varied from 5.8 to 6.3%.
Sure and Brown /11/ proposed a Hall-Petch relationship between strength, elongation and grain size in a Cu-AI-Ni shape memory alloy. Our investigation suggests that the difference in tensile strength could be attributed to different grain size of quenched specimens. The solution parameters were identical for all applied quenching treatments, but quenching media and techniques were different. However, the structure obtained by quenching has to be discussed as influential factor on mechanical properties values. The quenched specimens had the M18R martensite. Besides, α-phase was found in the specimens step-quenched in boiling water.
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The martensitic substructure and thermally recoverable deformation
The difference in Gibbs free energy between the parent phase and martensite provides the driving force for returning the deformed specimen to its original, predeformed shape during forward transformation (reverse transformation of martensite). However, forward transformation may not be accompanied by shape recovery /5,6/. The requirements for full extent recovery of original shape could be summarized as follows:
• The martensite-parent phase transformation must be crystallographic reversible, or in other words, the diffusionless transformation from one ordered structure to another must be occurred.
• The martensitic deformation must be accommodated by twinning, and not involve slip.
Only a certain amount of martensitic deformation can be accommodated by twin movement process and once this is exceeded, the material will deform elastically and eventually yield by irreversible processes (dislocation movement). Our investigation of thermally recoverable deformation in Cu-20.8Zn-5.8AI alloy yielded the following information:
• The twins were observed ( Fig. 7.(a) ) in quenched specimens deformed by strain from the plateau region.
TEM observations of specimens in which the amount of deformation is exceed plateau region revealed the twins and also great dislocation density ( Fig. 7. (b,c) ) indicating that slip was activated.
• The shape memory recovery occurred in significant extent in specimens deformed by strain from the plateau region.
• The partially shape recovering was recognized for the alloy specimens deformed in amount that was close to the end of the plateau region.
• The martensitic deformation that exceeded the plateau region leads to complete inhibition of the recovery process.
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Fig.7:
TEM-microphotographs of specimens deformed by different strains.
Vol. 15, Nos. 4-5, 2004 Heat Treatment: Effect on Martensitic Transformation of Cu-Zn-Al Alloy
Slip is an irreversible process that could not be eliminated thermally, while twinning is a reversible process. Thus, the recovery of original, predeformed shape was exhibited by specimens in which dislocations were not revealed.
Shape memory recovery (SM recovery)
The values of SM recovery for the alloy that have been obtained by direct observation of thin specimens quenched, then bent for about 90 deg before heating above A f temperature are given in 'fable 4.
Table 4
The shape memory recovery of examined specimens
Specimen Shape memory recovery |%] DQ1
88-94
DQ2
89-93
UQ1
92-95
UQ2
93-95
SQWB1
68-72
SQWB2
70-73
SQOB1
95-98
SQOB2
94-96
Full shape memory recovery (100%) was not observed, but most of the examined specimens have shown SM recovery greater than 90%, which does not depend on the quenching medium. Since there are a great number of grains, full SM recovery could not be expected. The best memory results for the alloy are obtained in SQOB1 specimens, somewhat lower memory values were observed for UQ specimens. The poor SM recovery in SQWB specimens (about 70%) probably appears because of the presence of α-phase confirmed by microstructural examinations.
Aging treatment
The aging of quenched specimens in the temperature range of 473 to 673 Κ has caused the formation of precipitates along grain boundaries as well as in the matrix (Fig. 8.) . In order to identify the nature of formed precipitates. X-ray diffraction and optical microscope examinations were performed. A plate-shaped product was observed in specimens aged at 573K. 
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Vol. 15, Νos. 4-5, 2004 Heat and Cu-22.3Zn-5.1Al alloy /13/. It was found that specimens with more than 20 vol% of α-phase lost most of their shape memory capability. Thus, it appears for Cu-20.8Zn-5.8Al alloy that α-precipitation process that occurs during aging led to degradation of the shape memory capacity.
Tensile tests of samples aged at 573 and 673 Κ showed that the yield strength was greatly reduced with increasing aging time (Fig. 11.) . So, aging at 573 Κ and 673 Κ reduced the yield strength from 222 MPa to The activation energies derived from measurements of SM recovery are used with the Arrhenius equation to predict the life expectancy of shape memory devices operating at low temperatures. Hence, the shape memory life expectancy of Cu-20.8Zn-5.8AI alloy has been determined to be from 52 to 60 days when operating at a temperature as low as 373 Κ (Table 5. ). However, for commercial exploitation at temperatures below 323 K, a relatively long shape memory life is predicted, especially for SQOB treated devices.
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CONCLUSIONS
1. In direct quenched and up-quenched specimens, the martensitic plates were oriented in several directions, resulting in many-jagged martensite/martensite impingement boundaries within an alloy grain. The martensitic plates were uniformly aligned within a grain in SQOB specimens. The martensite phases in all quenched specimens were determined to have the M18R structure. The α-precipitate along the grain boundary as well as within the interior of grains was found in SQWB specimens.
2. The M s temperatures of quenched specimens were found to be in the range 341-361 Κ depending on the quenching rate and solution treatments parameters.
3. During the tensile testing of quenched specimens at room temperature the distinct stress-plateau was appeared on stress-strain curves for DQ, UQ and SQOB specimens. The stress-strain curves for SQWB specimens were similar to that of common engineering materials. In the microstructure of SQWB specimens was observed certain quantity of α-phase that led to absence of stress plateau region on their stress-strain curves.
4. There is a difference in the yield stress among the quenched specimens according to the sequence SQWB > SQOB > UQ > DQ. However, tensile strength values of quenched specimens were found to be varied according to the sequence: SQWB > UQ > DQ > SQOB. The fracture elongation of SQWB specimens was found to be from 6.8 to 7.4%, while the elongation of other specimens varied from 5.8 to 6.3%. The alloy specimens exhibited the pseudoplasticity in the range 2.7 to 3.2%. The mechanical properties were affected by grain size and quenching history.
5. The shape memory recovery was occurred in the specimens that have exhibited the twins. But, the recovery process was not appeared, when the stress applied on specimens exceeded a critical stress level required to produce the irreversible defects such as slip, dislocations, etc.
6. The best memory results are obtained for SQOB specimens. The full extent recovering of original shape was not approached probably because of great number of grains.
7. During the aging from 473 to 673 K, the precipitates along grain boundary as well as in the matrix were formed in the alloy specimens. The bainitic transformation occurred for the specimens aged at 573 K, but the a, bainite was transformed ultimately to the equilibrium f.c.c. α-phase. At higher aging temperatures, only α-phase was formed.
8. The microstructural changes during aging led to the decrease in SM recovery as well as in the transformation temperatures.
9. The apparent activation energies of the alloy obtained from loss of shape memory and decrease in the transformation temperatures were measured as 67±3 kJmoI"' and 72±2 kJmol"', respectively.
10. The predictions of the shape memory life expectancies of Cu-20.8Zn-5.8Al alloy suggested that a suitable operating temperature of memory devices made from the alloy should be less than 323 K..
